Under the framework of soft-collinear effective theory, we analyze the charmless B → V V decays in a global way at leading power in 1/m b and leading order in α s with V denoting a light vector meson. In the flavor SU(3) symmetry, decay amplitudes for the 28 decay modes are expressed in terms of 8 nonperturbative parameters. With 35 experimental results, we fit these 8 nonperturbative parameters. Annihilation contributions are neglected due to power suppression in the m b → ∞ limit, so we include in the fit the nonperturbative charm penguins, which will play an important role in understanding the direct CP asymmetries. Charming penguins are also responsible for the large transverse polarizations of penguin-dominated and color-suppressed decays. With the best fitted parameters, we calculate all possible physical observables of 28 decay modes, including branching fractions, direct CP asymmetries, and the complete set of polarization observables. Most of our results are compatible with the present experimental data when available, while the others can be examined on the ongoing LHCb experiment and the forthcoming Belle-II experiment. Moreover, the agreements and differences with results in QCD factorization and perturbative QCD approach are also discussed. A few observables are suggested to discriminate these different approaches. *
Introduction
where T ζ and T J are the perturbatively calculable Wilson coefficients. The remaining degrees of freedoms, collinear and soft, are contained in ζ
The jet function J(z, x, k + ) depends on physics at the intermediate scale Λ h , so its perturbative expansion in α s is not as convergent as for the T ζ and T J , which means that for the perturbative calculation of jet function J might not be reliable. In Refs. [9, 10] , the authors pointed out that it is not mandatory to integrate out this intermediate scale from the function ζ J , and instead one may treat both ζ and ζ J as nonperturbative parameters. These parameters can be obtained by fitting the experimental data. When discussing the charmless nonleptonic B decays, an important contribution is from the intermediate charm quark loop, namely charming penguin [11] , although whether it belongs to leading power or not is still in controversy [12] . In fact, the charming penguin contains two intermediate charms. The charm quarks are moving slowly, which means that the perturbative calculation may be questionable. Then, this contribution can be viewed as nonperturebative, whose explicit values can be fitted from data. This method was firstly applied to analyze B → Kπ, B → KK, B → ππ decays in [10] . Subsequently, it was extended to study other charmless B → P P [14] and B → P V [13] decays, even decays involving the isosinglet mesons. With the strong phases from the charming penguins, most branching fractions and CP asymmetries are in agreement with the experimental data. However, to our best knowledge, the global analysis of charmless B → V V decays in SCET has not been preformed. Therefore, the purpose of this work is to fill this gap.
When the final states consist of two vector mesons, e.g. B → V V , three independent polarizations are involved. So, a complete set of polarization observables can be experimentally measurable. In 2003, a large transverse polarization fraction (about 50%) in B → K * φ decays was surprisingly observed in Belle collaboration [15, 16] . Subsequently, this polarization anomaly was also confirmed in other penguin-dominated decays, such as B s → φφ and B s → K * 0 K * 0 . Similarly, large transverse polarizations were also found in the color-suppressed tree-dominated decays, for example, the longitudinal polarization fraction of B 0 → ρ 0 ρ 0 is only f L ≈ 0.6. These deviations from the naive power counting f L ≈ 1 [17] have motivated a number of theoretical studies in two distinct directions. One focuses on the uncontrollable strong interaction effects [18] [19] [20] [21] [22] [23] [24] [25] [26] , while the other explores the new physics effects [27] [28] [29] [30] [31] [32] [33] [34] [35] . In this work, we will fit 8 free parameters for B → V V decays in the SCET framework using the 35 experimental data. Then, we will calculate the branching fractions, CP asymmetries and polarization observables of all charmless B → V V decays. The rest of this paper is organized as follows. In Sec.2, the SCET framework for B decays will be reviewed briefly. The factorization formulas of the B → V V decay amplitudes at leading power in 1/m b and leading order in α s expansion are also given in this section. Numerical results for branching fractions, CP asymmetries and polarization observables are presented in Sec.3. We will summarize this work at Sec.4.
B → V V decay amplitude at leading power in SCET
In this section, we will recapitulate the derivation of the factorization analysis at the leading power in SECT. We start from the effective weak Hamiltonian describing b → q(q = d, s) transitions, which is given as [36] 
where G F is the Fermi coupling constant, V ub V * uq and V tb V * tq are the products of the CabibboKobayashi-Maskawa (CKM) matrix elements. O i (µ) are the local four-quark operators with the corresponding Wilson coefficients C i (µ) at the scale µ. Explicitly, the local four-quark operators are given by
and magnetic moment operators are 
The Wilson coefficients for the electroweak operators are
and Wilson coefficients for the magnetic operators are
As aforementioned, in the charmless B meson decays, there are three typical scales, hard scale m b , hard-collinear scale Λ h , and the soft scale Λ QCD . These three scales would be separated by matching the effective weak Hamiltonian (3) of full QCD to their corresponding expressions in SCET. The general structure of factorization in SCET can be derived by a two-step matching from QCD → SCET I → SCET II as follows: the fluctuations with off-shellness O(m 2 b ) are first integrated out to give SCET I characterized by the hard-collinear scale Λ h , which will be discussed in detail in the following subsection. Then, we integrate out the hard-collinear modes with off-shellness O(Λ 2 h ) to derive SCET II . In the whole work, we will adopt the notations as in [9] , in which the recoiling meson goes in the n = (1, 0, 0, 1) direction, while the emitted meson moves along n = (1, 0, 0, −1) direction.
Matching to SCET I
Integrating out the hard scales with typical off-shellness m 2 b , the SCET I is obtained when matching onto the full QCD theory at scale m b . In order to give a complete set of the leading order contributions when matching onto SCET II , the operators in SCET I should be expanded to next-to-leading order in λ = Λ QCD /m b as [9] ,
where
if and Q
if represent leading power and next-to-leading power operators respectively. Their explicit forms will be given in the following. The isolated operator Q cc denotes the charming penguin contribution, which stands for the long distance charm quark loop effects. In fact, a rigorous account of factorization for long-distance charm effects at leading power or a complete understanding of them order by order in a power counting expansion is not yet available [12] . Therefore, the long-distance charm effects, as the main source of strong phase in SCET, can only be estimated by parameterization in SCET now. Here we will treat them as nonperturbative but universal parameters.
The O(λ 0 ) operators Q
if for ∆S = 0 transition are [9, 14] 
where only four quark fields are involved. As for the O(λ) operators, an additional transverse gluon B ⊥ µ n,ω involves, and the relevant operators are given as
with Q is obtained by replacing d → s. The quark fields with subscripts n and n are products of collinear quark fields and Wilson lines with large momenta ω i . For instance,
, where ξ n creates a collinear up quark moving alone the n direction. The definition of igB ⊥µ n,ω is given as
Note that in eqs. (12) and (13), the field products within the square brackets are color-singlet, while the color-octet operators with T A ⊗ T A color structure in Q [19] . Therefore only A cc contribute to transverse amplitudes at LO. As for the operators Q (1) 7f,8f , according to the analysis of Ref. [14] , they only contribute to B * decays, and do not affect B decays at all, when matching SECT I onto SECT II . To further reduce the number of operators in (12) and (13), e= uu + cc − 
with
Matching to SCET II
The next step is to match SCET I onto SCET II by integrating out the degrees of freedom p 2 ∼ Λ QCD m b . In fact, this step can be conveniently preformed by the field redefinition, such as (12) and (13), therefore collinear sectors and anticollinear sector decouple. That is, the SCET I operators can be written as
If f = d, the operatorsQ n id and Q n id are defined as
2d,3d,5d
The Q n if operators relate to the emitted meson, which can be factorized out directly,
In the following we concentrate on the remaining partQ n if , which relates to the B → V form factors. To describe the nonlocal interaction betweenQ n if , the spectator quark and the changed gluons, the form factors contain the time-ordered products. At leading power,
ξnq (y) ,
this are obtained by inserting the next-to-leading power Lagrangian L
(1)
, which boosts the soft spectator quark to the collinear quark. The form of other L ′ s can be found in [38] . Then, we will match these products T 1,2 in SCET I onto SCET II . As mentioned before, only A cc contributes to the transversely polarized states, so V T |T 1,2 |B = 0. For the longitudinal state V L , due to the the end-point singularity, T 1 cannot be further factorized, then the nonzero matrix element can be parameterized as
Nevertheless, the matrix element V L |T 2 |B can be further factorized into a convolution of lightcone distribution amplitudes (LCDAs) and jet function J. Alternatively, instead of integrating out √ Λm B scale, we directly parameterize the matrix elements induced by T 2 as
Factorization formulas for B → V V
With the above definitions, we can write the factorization amplitude for the
At the leading order in α s (m b ), the hard kernels T 1ζ,2ζ are constants and T 1J,2J (u, z) are functions of u only, then the above amplitude can be further simplified as
For the transverse polarized parts, since at LO only the charming penguins A cc contribute, the amplitudes can be parameterized as
In order to reduce the independent inputs and reinforce the predictive power, we will employ the SU(3) symmetry for B to light form factors and charming penguins. So, there are only two form factors left,
Now, the left unknown non-perturbative parameters are form factors ζ and ζ J and three complex charming penguins A cc(L, ,⊥) . So, we have totally 8 parameters, which can be extracted from experimental data. For each decay mode, the hard coefficients T iζ are given in in Table. 1 and Table. 2 for ∆S = 0 transitions and ∆S = 1 transitions, respectively. The last column are the coefficients of A cc . The coefficients T iJ can be easily obtained by replacement of c are not displayed for brevity. 
Numerical analysis
At the beginning of this section, we shall list the input parameters used in our numerical calculations. The CKM matrix elements, in the form of the Wolfenstein parametrization, are given as [39] 
The decay constants of the vector mesons are used as [26] 
For the inverse moment of light-cone distribution amplitudes of vector mesons,
, a 1,2 are the Gegenbauer moments, the values we adopted are from the QCD sum rules [40] . Because B → V V decay contains three kinds of polarization contributions, the observables are more complicated than that of B → P P, P V decays. A typical set of observables consists of the branching fraction, two observables formed by the three polarization fractions f L , f , f ⊥ , and two relative phases of transversal amplitudes, φ , φ ⊥ . The decay width is expressed as
where p is the 3-dimension momentum of each meson in the final state in the center-of-mass frame of B meson. A L , A and A ⊥ are three polarized decay amplitudes of B → V V . The definitions of the polarization fractions f L, ,⊥ , and the relative phases φ ,⊥ are given as:
Combined with the CP-conjugate decay, the direct CP asymmetry is defined as
with h = L, , ⊥. A h represents three polarization amplitudes of B → V V . Correspondingly, the CP asymmetries of polarization fractions f and relative phases φ are defined as,
where f L,⊥ can also be defined as eq. (31). Next, we will use the minimal χ 2 fit method to determine the 8 unknown nonperturbative parameters. From Particle Data Group (PDG) [39] , we collect 35 observables of B ±/0 → V V with the statistical significance no less than 3σ. In this way, we obtain the best-fitted values together with the corresponding 1σ uncertainties
One can obtain the B → V form factor A 0 at tree level:
This is consistent with result of the light-cone sum rules [41] , but is much larger than the result 0.232 ± 0.037 fitted from B → P V modes [13] . From the solution (34), we also note ζ ≫ ζ J , which differs from the case in B → P P [10, 14] where ζ and ζ J are comparative. It is known that for the color-suppressed decay B → π 0 π 0 the theoretical predictions based on the QCD are smaller than the experimental data, which is called the "ππ puzzle". In oder to accommodate the unexpected large branching fractions, a larger ζ J is needed in B → P P [10] . On the contrary, for B → ρ 0 ρ 0 decay, the experimental data indicates that the color-suppressed contribution is not as significant as in B → π 0 π 0 , so we obtain a small ζ J here. In fact, this pattern is also confirmed in the factorizationassisted topological-amplitude approach [26, 42] . In eq.(34), |A cc | ≈ |A cc⊥ | means that the positive helicity amplitude of charming penguin is negligible. It is compatible with the argument that the negative helicity amplitude of penguin annihilation diagram is chiral enhanced while the positive helicity amplitude is power suppressed [19] .
Using the best fitted nonperturbative parameters (34), we calculated the branching fractions, direct CP asymmetries and polarization observables of 28 B → V V decays, with the numerical results listed in Table. 3-7. For comparison, the experimental measurements and the results from the PQCD [24] and QCDF [21] are also presented. In our calculations, several approximations have been adopted, which may lead to considerable uncertainties. For instance, in the χ 2 fitting, SU(3) symmetry has been adopted, whose breaking can reach up to 30%. Furthermore, the analysis here is at leading power and leading order in α s expansion, and the high power and high order corrections have not been included. In order to demonstrate the uncertainties induced by these approximations, we vary the magnitudes of the charming penguins by 20% and the phases by 20 • . These are referred to the first kind of uncertainties. The second type of errors is from statistical uncertainties of the experimental data in the fitting. The third kind of errors is from the uncertainties (order 5% ) in the decay constants and distribution amplitudes of vector mesons. The final errors are combined in quadrature due to the limit space.
For the charmless B → V V decays, as stated previously, there are three helicity amplitudes, A 0,± . In the light of the naive power counting of helicity flip, A + and A − require one and two helicity-flips respect to A 0 , respectively. So we obtain a hierarchy of helicity amplitudes
which is a consequence of the helicity conservation. This hierarchy is also obtained from the naive factorization analysis [20] . Alternatively, we adopt the convention
Because the positive-helicity amplitude A + is power-suppressed relative to the negative one as showing in (36), A + is set to be zero approximatively in the absence of any consistent calculation of this power correction. In [20] , the results indicat that the corrections to positive-helicity amplitude from weak annihilation contribution are very small, even for penguin-dominated decays. So, in this approximation, the two transverse polarization degrees of freedom have the same power A L : A : A ⊥ ≃ 1 : λ 2 : λ 2 and φ ≃ φ ⊥ , which can been seen in Table. 3.
From the naive analysis, as shown in eq. (36), the longitudinal amplitude is dominant, whose polarization fraction f L is expected to be close to unity. However, as mentioned before, experimental measurements of f L for penguin-dominated decays, such as decay modes list in Table. 3, are in conflict with this expectation. In QCDF [20, 21] , the large transverse polarizations come from (i) the nextto-leading order α s corrections, which will enhance (reduce) the transverse (longitudinal) amplitudes; (ii) the large penguin annihilations, which were estimated by introducing non-perturbative parameters that usually cannot be computed rigorously. In PQCD approach [24] , the unexpected large transverse polarization fractions were led by the penguin annihilation and the hard-scattering emission diagrams, especially the (S + P )(S − P ) operators. In this work, the large transverse polarizations arise from the nonperturbative charming penguins. From eq. (34), it is found that the contributions form the transverse charming penguins are at the same order as the longitudinal ones, therefore the transverse polarizations in the penguin-dominated decays can be enhanced and the f L can be reduced to about 50%.
We now discuss some specific phenomenons of the B → V V decays. First of all, in −0.19 ) × 10 −6 . All three theoretical predictions agree, and we then suggest the experimentalists study these two decays in future, so as to test the SM. As for the decays B −0.4 )% respectively, which are comparable with results of SCET (see Table. 3) but with a wrong sign for the central value. The future experiment data in the ongoing LHCb and the forthcoming Belle-II can clarify these disagreements.
For the decays
s → ωρ 0 and B 0 s → ωω, they occur only through annihilation diagrams that belong to next-leading power in SCET scheme, so that we did not study them in the current work. The predicted observables of other remaining B u,d,s → V V decays are presented in Tables. 4-7. In Table. 4, we presented the predictions of the branching fractions, where one finds that our predictions basically agree with the results of PQCD and QCDF. Similar to B → ππ modes, B → ρρ decays have been paid more attentions, because they can be used to constrain the CKM angle α. Experimentally, the branching fractions of B → ρρ decays exhibit a pattern similar to the corresponding B → ππ modes. That is, B 0 → ρ + ρ − and B − → ρ − ρ 0 are nearly equal, while the B 0 → ρ 0 ρ 0 has a larger branching fraction than naively expected, though far less than B 0 → ρ + ρ − and B − → ρ − ρ 0 . In SCET, because ζ J is much smaller than ζ, the branching fraction of B 0 → ρ 0 ρ 0 is smaller than those of B 0 → ρ + ρ − and B − → ρ − ρ 0 . Obviously, our results are consistent with the experimental data well with a best fitted value of ζ (J) . What needs to be stressed is that the center value of branching fraction of B 0 → ρ 0 ρ 0 is exactly equal to experimental data. Compared to QCDF and PQCD, the predicted branching fraction of B 0 → ρ 0 ρ 0 agree with that of QCDF, in which a larger colour-suppressed tree amplitude from the hard spectator scattering are gotten with a large uncertainty. In contrast, in PQCD, the prediction is relatively small because of the large cancellations in the hard-scattering emission diagrams and the annihilation ones. However, for another color-suppressed decay B 0 → ρ 0 ω, the reverse applies. Our result is in agreement with that of PQCD, and much larger than that of QCDF, because in QCDF the color-suppressed diagrams are almost cancelled by each other, while the extra contributions are from the annihilations in PQCD, as well as the charming penguin in SCET. We also note that the branching fractions of the color-suppressed decays B s → K * 0 ρ(ω) in PQCD are about 3 times smaller than those of QCDF. The decay B s → K * 0 ω in SCET is consistent with PQCD, but more close to QCDF for B s → K * 0 ρ. For the penguin-dominated decay B − → K * 0 K * − , the result of SCET is consistent with results of QCDF and PQCD, but half of the experimental value of BaBar with a relative large uncertainty. We hope the precision of this decay can be improved within the future s → K * + K * − are almost same in this work. We also note that our prediction of the B 0 s → K * + K * − is a bit larger than that of PQCD, and we hope future experimental data could test these approaches. Since we have adopted the flavor SU(3) symmetry in the calculation, the relations
The negligible differences are form the difference of lifetimes of the initial B mesons. As for decays induced by the QCD flavor-singlet penguin operators, such as B 0 → ρ 0 (ω)φ and B − → ρ − φ, our results are about one order smaller than those of PQCD, while in QCDF these decays cannot be calculated reliably. Furthermore, due to the smaller branching fractions, these decays are always regarded as probes for searching for possible new physics 16.9 beyond SM. Next, we turn to discuss the polarization fractions given in Table. 5. Both the color-allowed treedominated decays and the QCD flavor-singlet penguin-dominated decays fully respect the helicity amplitude hierarchy in eq. (36) and exhibit predominantly longitudinal polarizations f L ≈ 1 in SCET, PQCD and QCDF. In contrast, those penguin-dominated decays shall spoil the the helicity amplitude hierarchy in eq. (36) , and f L are around 50%. These larger transverse polarization fractions for these penguin-dominated decays have already been discussed in previous paragraph. Specially, for B − → ρ − K * 0 , our result is consistent with the data and the prediction of QCDF, since the parameters used are extracted from this mode. However, in PQCD, the longitudinal polarization fraction is as large as 70%, because in PQCD language this mode has large longitudinal annihilation contribution from tree operators. As the experimental error is still large, we wait for consolidated data from the Belle-II experiment. For the color-suppressed tree-dominated decays, from Table. 5, it is found that their longitudinal polarization fractions are about 60% in both SCET and PQCD, except for B 0 → ρ 0 ρ 0 and B 0 s → K * 0 ω. Conversely, in QCDF, with the exception of B 0 → ρ 0 ω, the longitudinal polarizations are dominant, and their fractions are larger than 90%. For B 0 → ρ 0 ρ 0 decay, f L is about 87% in SCET, which is nearly compatible with experimental data within error bar. However, in PQCD, f L is as small as 12% [24] , because the longitudinal polarization contributions from two hard-scattering emission diagrams largely cancel against each other in PQCD picture. As aforementioned, in SCET, at leading power, all transverse polarization contributions arise only from charming penguins, the numerical values of which are much smaller than the annihilations appearing in PQCD, which leads to the difference between two predictions. Hereby, it is important to have a refined measurement of the branching fraction and the longitudinal polarization fraction for B 0 → ρ 0 ρ 0 to draw a definitive conclusion. As for other decays, such as B 0 → ωω, the longitudinal polarization fraction is 63%, which indicates that the transverse charming penguin gives a significant contribution in SCET. For the decays B 0 s → K * 0 ρ 0 and B 0 s → K * 0 ω, the charming penguins give constructive and destructive contributions to longitudinal polarizations respectively, as seen in Table. 1. So, it is understandable for us that
In Table. 6, we list the predicted direct CP asymmetries in SCET. For comparison, the experimental data, as well as predictions of PQCD and QCDF, are also presented. Compared with measurements with poor precision, our results accommodate the experimental data well, except the decay B 0 → K * 0 ω. As is known that the direct CP asymmetry depends on both the strong phase and the weak CKM phase. In SCET, only the long-distance charming penguin A cc is able to afford the large strong phase at leading power and leading order in α s expansion. Differently, the strong phases in QCDF and PQCD are from the hard-scatter and annihilation diagrams. So, in these three approaches, the origins of strong phase are different, which leads to different predictions. From Table. 6, it is found that for the flavor-singlet penguin-dominated decays, such as On the other side, because different methods were used for calculating the hard-scattering and the annihilation diagrams, the signs of the direct CP asymmetries are different. If experimental data are available, these two decay could be used to differentiate three approaches. We also note that for the pure penguin-dominated b → d processes, such as B − → K * 0 K * − and B − → ρ − K * 0 , the direct CP asymmetries are a little smaller, relative to those of decays induced by b → s penguin, such as B − → ρ 0 K * − , B − → K * − ω, B 0 → ρ + K * − and B s → K * − K * + , due to |V td | < |V ts |. Moreover, our predictions of the modes B 0 → ρ 0 ρ 0 /ωω and B 0 → ρ 0 ω are consistent with that of QCDF, but differ from the results of PQCD. The other predicted seven observables, the perpendicular polarization fraction (f ⊥ ), the relative phases (φ , φ ⊥ , ∆φ , and ∆φ ⊥ ), and CP asymmetry parameters (A 0 CP and A ⊥ CP ) in SCET are listed in Table 7 . As analyzed before, the observables with subscript " " are approximately equal to ones with "⊥".
Under QCDF and PQCD framework, the U-spin symmetry works well [21, 24] . Now, we also examine the U-spin symmetry in SCET according to the following relations:
In Table. 8, we list the numerical results of CP asymmetries based on U-spin symmetry, together with the values of the direct calculation in SCET. From the table, one can find that the U-spin symmetry also works well in SCET framework with certain uncertainties. 
Conclusion
In this work, we have studied the charmless B → V V decays at leading power in 1/m b and leading order in α s in soft-collinear effective theory. In the flavor SU(3) symmetry limit, there are 8 unknown nonperturbative parameters, which are obtained by fitting 35 observables in the minimum χ 2 approach. The obtained results have indicated that the hard-scattering form factor is much smaller than the soft form factor ζ V J ≪ ζ V . This character differs significantly from the relation ζ P J ≃ ζ P for the B-to-pseudo-scalar meson derived in a global analysis of B → P P (V ) decays. Using the best fitted parameters, we have calculated all observables for the 28 decay modes, including branching fractions, polarization fractions, relative phases, and direct CP asymmetries. Most of our results are compatible with the present experimental data when available, while the other predictions can be tested in the ongoing LHCb experiment and the forthcoming Belle-II experiment. Furthermore, the nonperturbative and universal charming penguins A cc(L, ,⊥) spoil the naive helicity relation, and they can be used to explain the large transverse polarization fractions observed in the experiments. In addition, the large strong phases in the charming-penguins are responsible for direct CP asymmetries for some decays. Because the origins of strong phases are different in QCDF, PQCD and SCET, the high precision study of direct CP asymmetries in the future can help us to discriminate these three approaches. Table 7 : Transverse polarization fractions f ⊥ (%), relative phases φ (rad), φ ⊥ (rad), ∆φ (10 −2 rad), ∆φ ⊥ (10 −2 rad) and the CP asymmetry parameters A 0 CP (%) and A ⊥ CP (%) of B (s) → V V decays. 
